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Description 

The present invention relates to a process for producing lithium-cobalt oxide represented by the formula: LixCo02 
(0<x<1), and more particularly, to a process for producing lithium-cobalt oxide particles represented by the formula: 
s LixCo02 (0<x<1)» useful especially as a cathode active substance for lithium ion batteries, which can be produced by 
calcination in a short time, and has a narrow particle size distribution and a uniform small particle size. 

In recent years, in association with developments of personal computers and portable equipment such as portable 
telephones, there have been an increasing demand for batteries as a power source therefor. Especially, a lot of earnest 
studies for lithium ion batteries have been made in various fields, because lithium is expected to provide batteries 
to having a high electromotive force and a high energy density due to a small atomic weight and a high ionization energy 
thereof. 

In addition, as a cathode active substance usable in lithium ion batteries, lithium^obalt oxide (LiCoOg), lithium- 
nickel oxide (LiNi02) or the like have been earnestly studied because these substances can generate a voltage as 
high as 4V. These compounds such as lithium-cobalt oxide or iithium-nickel oxide have been conventionally produced 
by mixing cobalt- or nickel-containing oxides as a raw material with a lithium compound and calcining the obtained 
mixture at a temperature as high as not less than SOC^C (USP No. 4,302.518). 

However, in the case of such high-temperature calcination method, it is necessary to calcine the obtained mixture 
for a long period of time, because the cobalt oxide particles have a low reactivity upon solid phase reaction thereof. 
When the mixture are calcined at such a high temperature for a long period of time, lithium contained in the lithium 
20 compound is evaporated. For this reason, the loss of lithium is caused and the composition of the obtained lithium- 
cobalt oxide tends to be fluctuated, resulting in such a disadvantage that it is difficult to produce lithium-cobalt oxide 
having a stable quality. 

In addition, when the lithium-cobalt oxide particles or the lithium-nickel oxide particles are used as a cathode active 
substance for lithium ion batteries, these particles are first dispersed in a binder to prepare a coating material, and 

2S then the coating material is applied onto a metal plate such as copper and dried to form a cathode active substance 
for the lithium ion batteries. However, since the particles are calcined at a high temperature for a long period of time, 
the resultant lithium-cobalt oxide particles are firmly fused together. Because of the production of the coating material 
for cathode, such fused lithium-cobalt oxide particles must be intensely pulverized Into an appropriate particle size. 
This causes the increase in cost of energy required. Also, there arises a problem that a grinding body used for the 

30 pulverization is abraded and disadvantageously mixed in the obtained lithium-cobalt particles. 

Further, when used as a cathode active substance, since the lithium-cobalt oxide particles are dispersed in a binder 
and the resultant coating material is applied onto a metal plate such as a copper plate and dried to form a cathode for 
the lithium ion batteries, It is important that the lithium-cobalt oxide particles have a uniform particle shape and a uniform 
particle size, because the higher the packing density of particles in the coating layer, the higher the capacity of battery 

3S obtained becomes. 

Under these circumstances, a process for the production of lithium-cobalt oxide as a cathode active substance for 
the lithium ion batteries, which have a narrow particle size distribution and a uniform particle size, which process 
comprises calcining raw particles In a short time, has been demanded. 

As a result of the present inventors* earnest studies, it has been found that by mixing specific cobalt oxide with a 
40 specific lithium compound and calcining the obtained mixture at a specific temperature, the obtained lithium-cobalt 
oxide particles have a narrow particle size distribution and a uniform particle size. The present invention has been 
attained on the basis of this finding. 

it is an object of the present invention to provide a process for producing lithium-cobalt oxide particles having a 
narrow particle size distribution and a uniform particle size, which is useful as a cathode active substance for lithium 
4S ion batteries, which process comprises calcining raw particles at a relatively low temperature and in a short time, and. 

It is another object of the present invention to provide a process for producing lithium -cobalt oxide useful as a 
cathode active substance for lithium ion batteries having a high electromotive force and a high energy density, which 
can be produced by short-time calcination of raw material. 

It is a further object of the present invention to provide a process for producing cobalt oxide as a raw material for 
so lithium-cobalt oxide, which can exhibit a high reactivity with other metal compounds and can readily produce the lithium- 
cobalt oxide when calcined at a low temperature in a short time. 

To accomplish the aims, in a first aspect of the present invention, there is provided a process for producing lithium- 
cobalt oxide, comprising: 

ss mixing cobalt oxide having a BET specific surface area of 30 to 200 m^/g or an average particle size of not more 

than 0.1 ^m, with a lithium compound; and 
calcining the obtained mixture at a temperature of 500 to SSO^'C. 
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In a second aspect of the present invention, there is provided a process for producing lithium-cobalt oxide, com- 
prising: 

mixing cobalt oxide having a BET specific surface area of 30 to 200 rn^/g or an average particle size of not more 
than 0.1 ^lm, with a lithium compound; 

adding water to the obtained mixture of the cobalt oxide and the lithium compound in an amount of 1 to 30 % by 
weight based on the weight of the mixture; 

compression-molding the water-added mixture to form a molded product having a molding density of 1 .5 g/cc; and 
calcining the molded product at a temperature of 600 to B50'*C. 

In a third aspect of the present invention, there is provided a process for producing lithium-cobalt oxide, comprising: 
calcining cobalt oxide hydroxide particles at a temperature of 300 to 500®C; 

mixing the obtained cobalt oxide having a BET specific surface area of 30 to 200 m^/g with a lithium compound; and 
calcining the obtained mixture at a temperature of 500 to 850°C. 

In a fourth aspect of the present invention, there is provided a process for producing lithium-cobalt oxide, compris- 
ing: 

calcining cobalt oxide hydroxide particles at a temperature of 300 to 500*C; 

mixing the obtained cobalt oxide having a BET specific surface area of 30 to 200 m^/g with a lithium compound; 
adding water to the obtained mixture of the cobalt oxide and the lithium compound in an amount of 1 to 30 % by 
weight based on the weight of the mixture; 

compression-molding the water-added mixture to form a molded product having a molding density of 1 .5 g/cc; and 
calcining the molded product at a temperature of 600 to 850*0. 

In a fifth aspect of the present invention, there is provided a process for producing lithium-cobalt oxide, comprising: 

neutralizing an aqueous cobalt salt solution with an aqueous alkaline solution containing an excess amount of 
alkali to form a suspension containing cobalt hydroxide and having a concentration ratio of alkali to cobalt (R = 
[OH*l/2[Co2+]) of 1 .0 to 1 .2 and an alkali concentration of not more than 1 .0 M; 

passing an oxygen-containing gas therethrough to oxidize cobalt ions therein, while heating the suspension at a 
temperature of not less than eo^'C; 

mixing the obtained cobalt oxide having an average particle size of not more than 0. 1 [im, with a lithium compound; 
and 

calcining the obtained mixture at a temperature of 500 to 850**C. 

In a sixth aspect of the present Invention, there is provided a process for producing lithium-cobalt oxide, comprising: 

neutralizing an aqueous cobalt salt solution with an aqueous alkaline solution containing an excess amount of 
alkali to form a suspension containing cobalt hydroxide and having a concentration ratio of alkali to cobalt (R = 
[OH-l/2[Co2+]) of 1 .0 to 1 .2 and an alkali concentration of not more than 1 .0 M; 

passing an oxygen-containing gas therethrough to oxidize cobalt ions therein, while heating the suspension at a 
temperature of not less than 60*C; 

mixing the obtained cobalt oxide having an average particle size of not more than 0.1 urn with a lithium compound; 
adding water to the obtained mixture of the cobalt oxide and the lithium' compound in an amount of 1 to 30 % by 
weight based on the weight of said mixture; 

compression-molding the water-added mixture to form a molded product having a molding density of 1 ,5 g/cc; and 
calcining the molded product at a temperature of 600 to 850*C. 

In a seventh aspect of the present invention, there is provided a process for producing cobalt oxide having an 
average particle size of not more than 0.1 |im. comprising: 

neutralizing an aqueous cobalt salt solution with an aqueous alkaline solution containing an excess amount of 
alkali to form a suspension containing cobalt hydroxide and having a concentration ratio of alkali to cobalt (R = 
(OH-]/2[Co2+]) of 1 .0 to 1 .2 and an alkali concentration of not more than 1 .0 M, and 

then passing an oxygen-containing gas therethrough to oxidize cobalt ions therein, while heating the suspension 
at a temperature of not less than 60'*C. ^ 
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In the accompanying drawings: 

Fig. 1 is a graph showing an X-ray diffraction pattern of lithium-cobalt oxide particles obtained in Example 1; 
Fig. 2 is a graph showing an X-ray diffraction pattern of lithium-cobalt oxide particles obtained in Example 9; 
5 Fig. 3 is a scanning electron microscope photograph (x 8,000) showing a particle structure of lithium-cobalt oxide 

particles obtained in Example 9; 

Fig. 4 is a graph showing an X-ray diffraction pattern of spinel-type cobalt oxide (C03O4) particles obtained in 
Example 17; 

Fig. 5 is a scanning electron microscope photograph (x 40,000) showing a particle structure of spinel-type cobalt 
10 oxide (C03O4) particles obtained in Example 17; and 

Fig. 6 is a graph showing an X-ray diffraction pattem of lithium-cobalt oxide particles obtained in Example 17. 

The present invention is described in detail below. 

As the cobalt oxide particles used as a raw material in the present invention, there may be exemplified: 

75 

(1 ) Fine crystal particles of cobalt oxide having a BET specific surface area of 30 to 200 m?/g. preferably 30 to 150 
m2/g, more preferably 50 to 1 00 m^/g; or 

(2) Fine crystal particles of cobalt oxide having an average particle size of not more than 0.1 jim, preferably not 
more than 0.08 pm. more preferably 0.01 to 0.05 ^m. 

20 

When the BET specific surface area of the cobalt oxide particles is less than 30 m^/g, the reactivity of the cobalt 
oxide particles with lithium becomes low, so that the cobalt oxide particles remain unreacted and are disadvantageously 
mixed with lithium-cobalt oxide particles as a product, and it fails to obtain the aimed lithium<obalt oxide having a 
uniform particle size. On the other hand, when the BET specific surface area of the cobalt oxide particles is more than 
2S 200 m^/g, the cobalt oxide particles are deteriorated in handling property or workability. 

When the average particle size of the cobalt oxide particles is more than 0.1 ^m, the reactivity of the cobalt oxide 
particles with lithium becomes low, so that the cobalt oxide particles remain unreacted and are disadvantageously 
mixed with lithium-cobalt oxide particles as a product, and it fails to obtain the aimed lithium-cobalt oxide having a 
uniform particle size. ^ 

30 Incidentally, in the present invention, the BET specific surface area is a value measured by a nitrogen absorption 

method, and the average particle size is represented by a value measured by using a scanning electron microscope. 

As the lithium compounds used in the present invention, there may be exemplified lithium carbonate, lithium oxide, 
lithium hydroxide, lithium hydroxide hydrate or the like. These lithium compounds can be used singly or in the fomn of 
a mixture of any two or more thereof. 

35 In the present invention, the mixing ratio of the lithium compound to the cobalt oxide is usually 0.98:1 to 1.05:1. 

preferably about 1.00:1 to 1.04:1, more preferably 1.00:1 to 1.03:1 (calculated as a molar ratio of lithium to cobalt). 
When lithium is used in a too short amount and cobalt is used in a too excess amount, unreacted cobalt oxide which 
cannot act as a cathode active substance, remains in the reaction system in addition to lithium-cobalt oxide as an 
aimed product. It is difficult to remove the residual cobalt oxide from the lithium-cobalt oxkJe. In consequence, when 

40 such lithium-cobalt oxide particles containing the residual cobalt oxide are used to form a cathode, there arises difficulty 
in obtaining a good battery activity, i.e., a good electrochemical activity in an electrolytic solution having a lithium-ion 
conductivity. 

On the other hand, when lithium is used in a too excess amount and cobalt is used in a too short amount, a 
substance which cannot act as a cathode active substance, e.g., lithium carbonate, remains in the reaction system in 

45 addition to the lithium-cobalt oxide as the aimed product. It is also difficult to remove such lithium carbonate from the 
lithium-cobalt oxide. In consequence, when the lithium-cobalt oxide particles containing the residual lithium carbonate 
is used to form a cathode, there also arises difficulty in obtaining a good battery activity, i.e.. a good electrochemical 
activity in an electrolytic solution having a lithium-ion conductivity. 

In the process according to the present invention, the mixture of the cobalt oxide and the lithium compound is 

so heated at a temperature of 500 to 850**C. preferably 650 to 800"C. The heating time of the mixture may be usually 2 
to 10 hours, preferably 5 to 10 hours. When the heating temperature is less than 500*C, lithium-cobalt oxide having a 
good electrochemical activity cannot be obtained. On the other hand, when the heating temperature is more than 
850'C, vigorous evaporation of lithium Is caused and the molar ratio of lithium to cobalt is considerably deviated from 
the above-mentioned range, resulting in deteriorated electrochemical activity of the lithium-cobalt oxide produced. 

55 In addition, when the heating time is less than 2 hours, the reaction between lithium and cobalt cannot be sufficiently 

conducted so that it becomes difficult to obtain a uniform product. On the other hand, even though the heating time is 
more than 10 hours, substantially no further improvement or effect can be recognized. Consequently, such a long 
heating time exceeding 10 hours is meaningless from economical and industrial viewpoints. 
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It is preferred that the mixture of the cobalt oxide and the lithium compound is pre-treated in the following manner 
before being subjected to the calcination treatment. 

That is, water may be added to the mixture of the cobalt and the lithium compound in an amount of usually 1 to 
30 % by weight, preferably 10 to 25 % by weight based on the weight of the mixture. The water-added mixture is 

s compression-molded by using an extruder, a roller compactor, a disk-pelleter or the like to produce a molded product 
having a molding density of usually not less than 1.5 g/cc, preferably 2 to 5 g/cc. The thus-obtained molded product 
IS subjected to the calcination treatment. 

When the amount of water added is less than 1 % by weight based on the weight of the mixture, the molded product 
may not have a sufficient mechanical strength, resulting in deteriorated handling property thereof. In addition, in such 

10 a case, the molded product has an uneven compression density, so that after the molded product is subjected to the 
calcination treatment, the lithium-cobalt oxide particles produced shows a wide particle size distribution. On the other 
hand, when the amount of water added is more than 30 % by weight, the water-soluble lithium compound may be 
caused to flow out of the molded product, so that the composition of the lithium-cobalt oxide produced is considerably 
varied, thereby failing to obtain lithium-cobalt oxide having a stable quality. 

IS In the case where the molded product having a molding density of less than 1 .5 g/cc is calcined, the grain growth 

of lithium-cobalt oxide particles may become insufficient. Therefore, when a coating film is formed by using such lithium- 
cobalt oxide particles, the packing density of the lithium-cobalt oxide in the coating film may become unsatisfactory. 
The upper limit of the molding density of the molded product is not particularly restricted, but is preferably set to about 
5 g/cc, more preferably about 3 g/cc, since it becomes difficult to produce a molded product when the molding density 

20 is too high. 

The cobalt oxide fine crystal particles used as a raw material in the present invention can be produced by the 
following methods. 

(1 ) The calcination of cobalt oxide hydroxide particles are conducted in an oxygen -containing gas, e.g., in air at a 
temperature of usually 300 to 500^C, preferably 300 to AOO^'C to obtain cobalt oxide fine crystal particles having a BET 

2S specific surface area of 30 to 200 m^/g. 

When the calcining temperature is less than 300" C, a part of the cobalt oxide hydroxide particles may remain 
undecomposed and may exist together with the cobalt oxide produced, thereby failing to obtain aimed uniform cobalt 
oxide fine crystal particles having a high reactivity. On the other hand, when the calcining temperature Is more than 
500''C, there are produced cobalt oxide particles having a BET specific surface area of less than 30 rr^/g, i.e., a large 

30 particle size, thereby also failing to obtain aimed cobalt oxide fine crystal particles having a high reactivity The calcining 
time is not particularly restricted, but preferably lies within the range of from 15 minutes to 2 hours, preferably 15 to 30 
minutes in order to achieve a uniform temperature distribution In the reaction system. 

(2) An aqueous solution of cobalt salt is neutralized by an aqueous alkaline solution containing an excess amount 
of alkali relative to the cobalt salt to obtain a suspension of cobalt (II) hydroxide. In the cobalt (II) hydroxide-containing 

3S suspension, the concentration ratio of alkali to cobalt (R = [OH-]/2[Co2+]) is usually 1.0 to 1.2, and the concentration 
of the excessive alkali is usually not more than 1 .0 M. Next, the obtained suspension is heated to a temperature of 
usually not less than 60** C, preferably 70 to lOO^^C. The oxygen-containing gas, e.g., air is blown into the suspension 
to oxidize cobalt ions therein, thereby causing cobalt oxide fine particles to be precipitated. 

As the cobalt salts used in the present invention, there may be exemplified cobalt sulfate, cobalt chloride, cobalt 
40 nitride or the like. These cobalt salts can be used singly or in the form of a mixture of any two or more thereof. In 
addition, as the aqueous alkaline solution used in the present invention, there may be exemplified aqueous solutions 
of sodium hydroxide, potassium hydroxide, sodium carbonate, potassium carbonate or the like. These aqueous alkaline 
solutions can be used singly or in the form of a mixture of any two or more thereof. The concentration ratio (R) of alkali 
to cobalt In the suspension of cobalt (II) hydroxide used In the present invention is expressed by the formula: "[OH']/ 
45 2(Co2+]", and is usually 1 .0 to 1 .2, preferably 1.01 to 1 . 1 0. The concentration of the excessive alkali In the suspensbn 
is usually not more than 1 .0 M, preferably not more than 0.5 M. 

When the concentration ratio (R) of alkali to cobalt or the concentration of the excessive alkali in the suspension 
is out of the above-mentioned range, single-phase cobalt oxide particles may not be obtained, i.e., the obtained product 
is in the form of a mixture containing different kinds of particles. 
so In the present invention, the heating temperature of the suspension containing the cobalt (II) hydroxide is not less 

than eO^'C. When the heating temperature of the suspension is less than GO^'C, single-phase cobalt oxide particles 
may not be obtained, i.e.. the obtained product is in the form of a mixture containing different kinds of particles. The 
upper limit of the heating temperature of the suspension is not particularly restrk:ted, but is preferably about 95°C. 
When the heating temperature exceeds lOO^C, the use of a high-pressure vessel is required, thereby not only Increas- 
es ing the cost of equipment therefor but also resulting in complicated, uneconomical and unpractical process. Further, 
in the present invention, as the method of oxidizing the cobalt hydroxide in the suspension, there can be used a method 
of blowing an oxygen-containing gas, e.g., air into the suspension. In the case where oxidants other than the oxygen- 
containing gas. for example, hydrogen peroxide or the like are used, it is difficult to obtain single-phase cobalt oxide 
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fine particles. 

The end point of the precipitation reaction for the production of cobalt oxide fine particles can be detemiined by 
immersing an ORP electrode in the suspension and measuring a potential of the electrode to continuously monitor 
progress of the precipitation reaction. After the end point of the precipitation reaction is reached, the suspension is 

5 filtered to separate a solid component therefrom, followed by drying the solid component. 

In accordance with the present Invention, (a) the cobalt oxide fine crystal particles having a BET specific surface 
area of 30 to 200 afi/g (such particles can be produced by calcining raw particles, for example, cobalt oxide hydroxide 
particles in air at a temperature of 300 to 500°C), or (b) the cobalt oxide particles having an average particle size of 
not more than 0.1 ^m, are used as a cobalt raw material and mixed with the lithium compound. V\fater is added to the 

10 obtained mixture in an amount of 1 to 30 % by weight based on the weight of the mixture. The water^added mixture Is 
then compression-molded by using an extrude, a roller compactor or a disk-pelleter to obtain a molded product having 
a molding density of not less than 1 .5 g/cc. Thereafter, by calcining the obtained molded product in an oxygen-containing 
gas such as air, the reaction between the cobalt oxide and the lithium compound can be completed in a short time, 
thereby obtaining aimed lithium-cobalt oxide particles having a narrow particle size distribution and a uniform particle 

IS size. 

In general, it is considered that a solid phase reaction upon the calcination proceeds by mutual diffusion of the 
mixed raw particles, which is caused at contact points therebetween. It is considered that when the lithium compound 
and the cobalt oxide are calcined, lithium is more readily diffused as compared to cobalt since the melting point of 
Irthium is considerably lower than that of the cobalt oxide, so that the reaction therebetween can be caused to proceed 

20 mainly by the diffusion of lithium into cobalt oxide particles. On the basis of the above discussion, it is considered that 
by finely pulverizing the cobalt oxide particles rather than the lithium compound particles, the distance of diffusion of 
lithium which is required to complete the reaction, can be reduced, so that the reaction between cobalt and lithium can 
be completed in a short time. For this reason, it is further considered that when the cobalt oxide particles which are 
uniform in particle size, I.e.. have a BET specific surface area of 30 to 200 m^/g or an average particle size of not more 

2S than 0.1 ^m, are used as a cobalt raw material, the reaction between cobalt and lithium can proceed rapidly upon the 
calcination (namely the reactivity of the cobalt raw material can be enhanced), thereby enabling the reaction to be 
completed in a short time. 

It is still further considered that by using the particles having a uniform small particle size and a high reactivity as 
raw materials, adding 1 to 30 % by weight of water to the raw particles, compression-molding the water-added mixture 
30 into a molded product having a molding density of 1.5 g/cc, and subjecting the molded product to the calcination 
treatment, it becomes possible to produce lithium-cobalt oxide particles having a narrow particle size distribution and 
a uniform particle size. In the case where dry particles containing no water are compression-molded, the sliding motion 
therebetween is prevented, so that there is caused difficulty in uniformly transmitting the compression force over a 
whole part of the system. This results in uneven packing density of the molded product to be calcined. On the other 
35 hand, in accordance with the present invention, it is considered that by incorporating a small amount of water Into the 
system, the sliding motion between the particles can be facilitated, so that the compression force can be uniformly 
transmitted over a whole part of the system, resulting in producing a uniform molded product and then obtaining lithium- 
cobalt oxide particles having a narrow particle size distribution and a uniform particle size. 

In the production of the cobalt oxide particles used as the cobalt raw material In the present inventran, the aqueous 
40 cobalt salt solution is mixed with the aqueous alkaline solution containing an excessive amount of alkali which amount 
is higher than that capable of neutralizing the cobalt salt, to obtain a suspension containing cobalt (II) hydroxide, and 
then air is passed through the suspension while heating to oxidize cobalt ions therein and precipitate the oxidized 
product, so that it is possible to obtain cobalt oxide fine particles having an average particle size of not more than 0.1 
^m and a narrow particle size distribution. The reason why such cobalt oxide fine particles having a narrow particle 
4S size distribution can be obtained, is considered such that since the cobalt oxide is precipitated from cobalt hydroxide 
uniformly dispersed in the aqueous solution, uniform nuclei are produced and simultaneously the particles are pre- 
vented from being fused together. 

The reason why single-phase cobalt oxide crystal particles cannot be obtained when oxidants other than an oxygen- 
containing gas such as air. are used, is considered such that while air has an oxidation property suitable for the pro- 
so duction of single-phase cobalt oxide particles, these oxidants have different oxidation properties unsuitable therefor. 

In the process according to the present invention, it is possible to provide lithium<obalt oxide particles having a 
uniform particle size by calcining raw materials in a short time. Further, the lithium -cobalt oxide produced by the process 
according to the present Invention can used as a cathode active substance for lithium ion batteries, and is suitably 
used as a cathode active substance for lithium ion batteries having a high electromotive force and a high energy density 

55 

EXAt^PLES: 

The present invention will now be described in more detail with reference to the following examples, but the present 
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invention is not restricted to those exannples and various modifications are possible within the scope of the invention. 

Incidentally, the identification of reaction product particles and the analysis of the crystal structure thereof were 
conducted by an X-ray diffraction method using an X-ray diffractometer (manufactured by RIGAKU DENKI CO.. LTD.; 
X-ray used: Mn-filtered Fe-Ka ray; voltage: 40 kV; and current: 20 mA). Further, the configuration or shape of particles 
5 and particle size distribution thereof were obsen/ed and measured by using a transmission electron microscope and 
a scanning electron microscope. 

Example 1 : 

10 <Production of lithium-cobalt oxide > 

19.96 g of cobalt oxide particles as a cobalt raw material having an average particle size of 0.05 ^im and 9.28 g 
of lithium carbonate were mechanically mixed together in a mortar at a mixing ratio of 1 .01 :1 (calculated as a molar 
ratio of lithium to cobalt). The obtained mixture was heated to 800"C and reacted with each other for 6 hours at that 
IS temperature. The obtained particles were again pulverized in a mortar to obtain black colored particles. As a result of 
X-ray diffraction analysis, the obtained black colored particles were identified to be layered rock salt-type lithium-cobalt 
oxide as shown in Fig. 1 . 

<Evaluation of electrochemical properties > 

20 

Next, the electrochemical properties of the thus obtained lithium-cobalt oxide when used as an electrode active 
substance were evaluated by a potential sweep method. 

First, the obtained lithium-cobalt oxide particles were mixed with 10 % by weight of polyethylene tetrafluoride as 
a binder and 10 % by weight of carbon black as a conducting agent. 0.5 g of the obtained mixture was weighed and 

25 filled into a nickel mesh as a current collector to form a working electrode as a cathode to be tested. In addition, metal 
lithium foils were filled into a stainless steel mesh to form an anode. An electrode made of metal lithium was used as 
a reference electrode. As an electrolyte, there was used a solution prepared by dissolving lithium perchlorate (LiCI04) 
in a mixed solvent containing propylene carbonate and dimethoxy ethane in a volume ratio of 1 :1 , such that the molar 
concentration of the lithium perchlorate in the solution was 1 M. 

30 The thus-produced working electrode as cathode, anode, reference electrode and electrolyte were used to form 

a cell for electrochemical measurement. By using the thus-formed cell for electrochemical measurement, the charge/ 
discharge electric characteristic curve thereof was determined under such conditions that the voltage applied was 3.0 
to 4.2 V based on the reference metal lithium electrode and the current was 0.5 mA/cm^. As a result, it was confirmed 
that the charge/discharge electric capacity of the cell as an index showing an electrochemical activity of the lithium- 

35 cobalt oxide was 1 35 m Ah/g. 

Examples 2 to 5 and Comparative Examples 1 to 2: 

The same procedure as defined in Example 1 was conducted except that the particle size, the heating temperature 
40 and the heating time of cobalt oxide particles used as a raw material were varied as shown in Table 1 , thereby obtaining 
particles as reaction products. Reaction conditions used for the production of these particles and properties of the 
obtained reaction product particles are also shown in Table 1. 

All of the particles obtained in Examples 2 to 5 were identified to be lithium-cobalt oxide having the same crystal 
structure as that of layered rock salt-type lithium-cobalt oxide. 
4S On the other hand, it was confirmed that the particles obtained in Comparative Examples 1 to 2 were a mixture of 

layered rock satt-type lithium-cobalt oxide and cobalt oxide. 

Further, the charge/discharge electric capacities of cells formed by using the obtained lithium-cobalt oxide particles 
were measured in the same manner as in Example 1 . The results are also shown in Table 1 . As recognized from Table 
1, the charge/discharge electric capacities of cells formed by using the lithium-cobalt oxide particles obtained in Ex- 
so amples 2 to 5 were larger than those of Comparative Examples 1 and 2. Accordingly, it was confirmed that the lithium- 
cobalt oxide produced according to the present invention exhibited a higher electrochemical activity. 
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Table X 





Raw cobalt 
particles 


Average 
particle size 
(|xm) 


Heating 
temperature 
(°C) 






u . U D 


oUU 


Example 3 


CO3O4 


0.04 


750 


Example 4 


CO3O4 


0.04 


700 


Example 5 


CO3O4 


0.08 


850 


Comparative 
Example 1 


CO3O4 


0.5 


750 


Comparative 
Example 2 


CO3O4 


1.0 


800 



Table 1 (continued) 





Heating time 
(hr.) 


Reaction 
product 


Charge/ 
discharge 
electric 
capacity 
(raAh/g) 


Example 2 


4.0 


LiCo02 


131 


Example 3 


5,0 


LiCoOa 


125 


Example 4 


8.0 


LiCo02 


127 


Example 5 


3.0 


LiCo02 


135 


Compa r a t i ve 
Example 1 


10.0 


LiCo02 + C03O4 


84 


Comparative 
Example 2 


10.0 


LiCo02 C03O4 


76 



Examples 6 to 8 and Comparative Examples 3 to 4: 

45 

Cobalt oxide hydroxide as a raw material was calcined at various temperatures to produce cobalt oxide fine 
crystal particles. The obtained cobalt oxide fine crystal particles and lithium carbonate particles were mechanically 
mixed together in a mortar at a mixing ratio of 1.01:1 (calculated as a molar ratio of lithium to cobalt). The obtained 
mixture was reacted with each other at various temperatures T2 for various reaction times as shown in Table 2 to obtain 

so reaction products. The obtained reaction product particles were again pulverized in a mortar to obtain black colored 
particles. The properties of the obtained black colored particles were evaluated in the sane manner as in Example 1 . 
Reaction conditions used for the production of these particles and properties of the obtained particles are also shown 
in Table 2. All of the particles obtained in Examples 6 to 8 were identified to be lithium-cobalt oxide having the same 
crystal structure as that of layered rock salt-type lithium-cobalt oxide. On the other hand, it was confirmed that the 

55 particles obtained in Comparative Examples 3 to 4 were a mixture of layered rock salt-type lithium-cobalt oxide and 
cobalt oxide. 

Further, the charge/discharge electric capacities of the obtained lithium-cobalt oxide particles were measured in 
the same manner as in Example 1. The results are also shown in Table 2. As recognized from Table 2, the charge/ 
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discharge electric capacities of cells formed by using the lithium-cobalt oxide particles obtained in Examples 6 to 8 
were larger than those obtained in Comparative Examples 3 and 4. Accordingly, it was confirmed that the lithium-cobalt 
oxide produced according to the present invention exhibited a higher electrochemical activity 



Table 2 



70 




Raw cobalt 


Heating 


Specific 


Heating 






particles 


temperature 


surface 


temperature 








Ti (°C) 


area (m^/g) 


T2 (^C) 




Example 6 


CoO(OH) 


300 


120 


750 


75 


Example 7 


CoO(OH) 


400 


35 


800 




Example 8 


CoO(OH) 


350 


75 


700 




Comparative 


CoO(OH) 


600 


20 


800 




Example 3 










20 


Comparatiive 


CoO(OH) 


None 




750 




Example 4 











2S 

Table 2 (continued) 





Heating time 
(hr.) 


Reaction 
product 


Charge/ 
discharge 
electric 
capacity 
(mAh/g) 


Example 6 


5.0 


LiCo02 


130 


Example 7 


8.0 


LiCo02 


134 


Example 8 


8.0 


LiCoOa 


119 


Comparative 
Example 3 


10.0 


LiCo02 


93 


Comparative 
Example 4 


10.0 


LiCo02 


73 



45 

Example 9: 

199.6 g of cobalt oxide particles as a cobalt raw material having an average particle size of 0.05 |xm and 92.8 g 
so of lithium carbonate were mechanically mixed together at a mixing ratio of 1 .01 :1 (calculated as a molar ratio of lithium 
to cobalt). The obtained mixture was sprayed with 5 % by weight of water based on the weight of the mixture. The 
resultant mixture was compression-molded by a roller compactor to obtain a molded product having a molding density 
of 2.3 g/cc. The molded product was placed within an electric furnace, heated to 800*C and calcined for 6 hours at 
that temperature. The obtained calcined product was pulverized in a mortar to obtain black colored particles. As a 
55 result of X-ray diffraction analysis, the obtained black colored particles were identified to be layered rock salt-type 
lithium-cobalt oxide particles having an average particle size of 3,5 ^m. as shown in Fig. 2. Further, it was confirmed 
that the lithium-cobalt oxide particles had a uniform particle size, as shown in a scanning electron microphotograph (x 
8.000) of Fig. 3. © 
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The same procedure as defined in Example 1 was conducted to form a working electrode as cathode, anode, 
reference electrode and electrolyte. 

The thus-produced working electrode as cathode, anode, reference electrode and electrolyte were used to form 
a cell for electrochemical measurement. By using the thus-formed cell for electrochemical measurement, the charge/ 
5 discharge characteristic curve thereof was determined under such conditions that the voltage applied was 3.0 to 4.2 
V based on the reference metal lithium electrode and the current was 0.5 mA/cm^. As a result, It was confirmed that 
the charge/discharge electric capacity of the cell as an index showing an electrochemical activity of the lithium-cobalt 
oxide was 137 mAh/g. 

10 Examples 10 to 13 and Comparative Examples 5 to 8: 

The same procedure as defined in Example 9 was conducted except that the particle size, the water content, the 
molding density, the calcination temperature and the calcination time were varied as shown in Table 3, thereby obtaining 
particles as reaction products. The reaction conditions used for the production of these particles and properties of the 
IS obtained particles are also shown in Table 3. All of the particles obtained in Examples 10 to 13 were identified to be 
lithium-cobalt oxide having the same crystal structure as that of layered rock salt-type lithium-cobalt oxide. 

On the other hand, it was confirmed that the particles obtained in Comparative Examples 5 to 6 were a mixture of 
layered rock salt-type lithium-cobalt oxide and cobalt oxide. Whereas, the particles obtained Comparative Examples 
7 and 8 showed a non-uniform particle size distribution though these particles had the same crystal structure as that 
20 of layered rock salt-type lithium-cobalt oxide. 

The charge/discharge electric capacities of the obtained particles were measured in the same manner as in Ex- 
ample 9. The results are also shown in Table 3. As recognized from Table 3, the charge/discharge electric capacities 
of cells formed by using the lithium-cobalt oxide particles obtained in Examples 10 to 13 were larger than those of 
Comparative Examples 5 and 8. Accordingly, it was confirmed that the lithium-cobalt oxide produced according to the 
2S present invention exhibited a high electrochemical activity. 

Table 3 



30 







Average 


Water content/ 


Calcining 






particle size 


molding 


temperature 






of cobalt 


density 


/calcining 


as 




oxide (|xm} 


(wt. %)/{g/cc) 


time 
rc)/(hr.) 




Example 9 


0.05 


5.0/2.3 


800/6.0 




Excunple 10 


0.05 


8.0/2.5 


850/4.0 




Example 11 


0.04 


3.5/2.2 


750/5.0 


40 


Exainple 12 


0.04 


2.0/2.2 


800/8.0 




Excurple 13 


0.08 


5.0/2.5 


850/5.0 




Comparative 


0.50 


0.5/2.2 


750/10.0 




Example 5 








4S 


Comparative 
Example 6 


1.0 


0.2/2.3 


800/10.0 




Comparative 


0.05 


0.5/2.2 


850/4.0 




Exeunple 7 








SO 


Comparative 
Example 8 


0.05 


0.5/0.9 


850/4.0 
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T^bX^ 3 (cQotinued) 





Reaction 
product 


An average 
particle size 
distribution 
(^m)/(nm) 


Charge/ 
discharge 
electric 
capacity 

(mAh/g) 


Example 9 


LiCo02 


3 . 5±0 . 6 


137 


Example 10 


LiCo02 


7.0±1.0 


136 




LiCo02 


1 5+0 4 


125 


Example 12 


LiCo02 


3 . 0±0 . 6 


133 


Example 13 


LiCo02 


6 , 0±0 . 8 


137 


Comparative 
Example 5 


LiCo02 + C03O4 


Two -peak 
distribution 


84 


Comparative 
Example 6 


LiCo02 + C03O4 


Two -peak 
distribution 


76 


Comparative 
Example 7 


LiCo02 


5.0+0.3 


118 


Comparative 
Example 8 


LiCo02 


0 . 8±0 . 4 


106 



30 Examples 14 to 16 and Comparative Examples 9 to 12: 

Cobalt oxide hydroxide was calcined at various heating temperatures T1 as shown in Table 4, thereby obtaining 
raw cobalt oxide particles which were different in BET specific surface area thereof from each other, as shown in Table 
4. By using the thus obtained cobalt oxide particles, the same procedure as defined In Example 9 was conducted 

35 except that the water content, the molding density, the heating temperature and the heating time of the molded product 
were varied as shown in Table 4, thereby obtaining particles as reaction products. Reaction conditions used for the 
production of these particles and properties of the obtained particles are also shown in Table 4. 

All of the particles obtained in Examples 1 4 to 1 6 were Identified to be lithium-cobalt oxide having the same crystal 
structure as that of layered rock salt-type lithium-cobalt oxide. 

40 On the other hand, it was confirmed that the particles obtained in Comparative Examples 9 and 10 were a mixture 

of layered rock salt-type lithium-cobalt oxide and cobalt oxide. Whereas, the particles obtained Comparative Examples 
1 1 and 1 2 showed a non-uniform particle size distribution though these particles had the same crystal structure as that 
of layered rock salt-type lithium-cobalt oxide. 

Further, the charge/discharge electric capacities of cells formed by using the obtained particles were measured in 

45 the same manner as in Example 9. The results are also shown in Table 4. As recognized from Table 4, the charge/ 
discharge electric capacities of cells formed by using the lithium<obalt oxide particles obtained in Examples 14 to 16 
were larger than those of Comparative Examples 9 to 12. Accordingly it was confirmed that the lithium-cobalt oxide 
produced according to the present invention exhibited a high electrochemical activity. 
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Table 4 





Calc iriino 
temperature 
/BET specific 
surface area 


Water content/ 
molding 
density 
(wt.%) / (g/cc) 


Calcining 
temperature 
/calcining 

time 
CO / (hr . ) 


Example 14 


300/120 


5.0/2.3 


750/5.0 




400/35 


3.5/2.3 


800/8 . 0 


Exaumple 16 


350/75 


8.0/2.5 


850/5.0 


Comparative 
Example 9 


600/20 


0.5/2.3 


750/10.0 


Comparative 
Example 10 


Non- 
calcined/ 70 


1.2/2.3 


800/10.0 


Comparative 
Example 11 


300/120 


0.5/2.1 


800/8.0 


Comparative 
Example 12 


300/120 


0.5/0. 8 


800/8.0 



Table 4 (continued) 





Reaction 
product 


An average 
particle size 
distribution 
{\m) / (urn) 


Charge/ 
discharge 
electric 
capacity 
(mAh/g) 


Exan^le 14 


LiCo02 


1 .5±0.4 


130 


Example 15 


LiCo02 


2.5±0.5 


134 


Example 16 


LiCo02 


6.5+0.6 


137 


Comparative 
Example 9 


LiCo02 C03O4 


Two -peak 
distribution 


73 


Comparative 
Example 10 


LiCo02 + C03O4 


Two -peak 
di s t r ibu t ion 


93 


Comparative 
Example 11 


LiCo02 


2.0±0.8 


115 


Comparative 
Example 12 


LiCo02 


0.910.4 


105 



Example 17: 

<Production of cobalt oxide > 

Cobalt sulfate heptahydrate was dissolved in 2.000 ml of water to obtain an aqueous solution thereof. 2,500 ml of 
a 0.756M-NaOH aqueous solution was added to the aqueous cobalt sulfate solution to obtain a suspension containing 
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cobalt (II) hydroxide. The thus obtained suspension had a concentration ratio (R = [OH*]/2[Co2+]) of 1 .05, and an excess 
NaOH concentration of 0.02 M. The suspension was heated up to 80*C while mechanically stirring. While keeping the 
temperature of the suspension constant, air was passed through the suspension to oxidize cobalt (II) hydroxide for 20 
hours. The obtained precipitate was filtered out of the suspension, washed with water and dried at 60**C to obtain black 
5 colored particles. As a result of X-ray diffraction analysis, the obtained black colored particles were identified to be 
cobalt oxide having a spinel-type crystal structure, as recognized from X-ray diffraction characteristic cun/e shown in 
Fig. 4. From the transmission electron microscope photograph shown in Fig. 5, it was further recognized that the cobalt 
oxide particles were uniform in particle size and had an average particle size of about 0.03 jam. 

10 <Calcination of lithium-cobalt oxide > 

1 9.96 g of the thus obtained cobalt oxide particles having an average particle size of 0.03 ^im and 9.28 g of lithium 
carbonate particles were mechanically mixed together in a mortar at a mixing ratio of 1.01:1 (calculated as a molar 
ratio of lithium to cobalt). The obtained mixture was heated to 750'C and reacted with each other for 6 hours at that 
IS temperature. The obtained particles were again pulverized in a mortar to obtain black colored particles. As a result of 
X-ray diffraction analysis, the obtained black colored particles were identified to be layered rock salt-type lithium-cobalt 
oxide particles, as shown in Fig. 6. 

Examples 18 to 22 and Comparative Examples 9 to 13: 

20 

in Examples 18 to 22 and Comparative Examples 9 to 11, the same procedure as defined in Example 17 was 
conducted except that the concentration ratio of alkali to cobalt (R = [OH-]/2[Co2+]), the excess alkali concentration 
and the heating temperature were varied as shown in Fig. 5, thereby obtaining particles as reaction products. 

In Comparative Examples 12 and 13, the same procedure as defined in Example 17 was conducted except that 
2S the reaction conditions were varied as shown in Table 5. and the oxidation of cobalt hydroxide in the suspension was 
conducted by using oxidants such as hydrogen peroxide or nitride ions instead of passing air through the suspension, 
thereby obtaining particles as reaction products. The reaction conditions used for the production of these particles and 
properties of the obtained particles are also shown in Table 5. 

As is apparent from Table 5. all of the particles obtained in Examples 18 to 22 were spinel-type cobalt oxide fine 
30 particles having a narrow particle size distribution and a uniform small particle size. On the other hand, the reaction 
product particles obtained in Comparative Examples 9 to 13, were mixture of granular cobalt oxide and thin plate- 
shaped cobalt oxide hydroxide (Comparative Examples 9 and 10), thin plate-shaped cobalt oxide hydroxide (Compar- 
ative Examples 11 and 12), or unreacted cobalt hydroxide (Comparative Example 13). 

35 Table 5 





Concentration 
ratio R of alkali 
to cobalt 


Concentration 
of excess NaOH 
(M) 


Heating 
temperature (**C) 


Reaction product 


Average particle 
size {[xm) 


Example 18 


1.05 


0.02 


60 


C03O4 


0.02 


Example 19 


1.05 


0.02 


85 


C03O4 


0.04 


Example 20 


1.05 


0.02 


90 


Co304 


0.05 


Example 21 


0.02 


0.008 


90 


C03O4 


0.08 


Example 22 


1.15 


0.06 


90 


C03O4 


0.04 


Comparative 
Example 9 


1.05 


0.02 


50 


CO3O4-1- CoO 
(OH) 




Comparative 
Example 10 


2.00 


0.4 


80 


CO3O4 + CoO 
(OH) 




Comparative 
Example 11 


5.00 


1.6 


80 


CoO(OH) 




Comparative 
Example 12 


1.02 


0.008 


90 


CoO(OH) 




Comparative 
Example 13 


1.05 


0.02 


60 


Co(OH)2 
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Examples 23 to 27 and Comparative Examples 14 to 18: 

Using the cobalt oxide particles obtained in Examples 18 to 22 and Comparative Examples 9 to 13, the reactivity 
between the cobalt oxide particles and the lithium compound was evaluated in the same manner as defined in Example 
5 17. The results are shown in Table 6. 

As is apparent from Table 6, it was confirmed that only when the spinel-type cobalt oxide fine particles obtained 
in Examples 18 to 22 and having a narrow particle size distribution and a uniform small particle size, were used, the 
mixture of the cobalt oxide and the lithium compound was able to be calcined at a low temperature in a short time to 
produce single-phase layered rock salt-type lithium-cobalt oxide. 
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Table 6 







Cobalt oxide 
particles used 


Molar ratio Li/ 
Co 


Calcining 
temperature (*'C) 


Calcining time 
(hr.) 


Reaction product 


IS 


Example 23 


Particles 
obtained in 
Example 18 


1 .Ul 








20 


Example 24 


Particles 
obtained in 
Example 19 


1.01 


750 


6.0 


LiCoOg 




Example 25 


Particles 
obtained in 
bxampie 


1.01 


750 


6.0 


LiCoOa 


2S 


Example 26 


Particles 
obtained in 
Example 21 


1.01 


750 


6.0 


LiCo02 


30 


Example 27 


Particles 
obtained in 
Example 22 


1.01 


750 


6.0 


LiCoOg 


3S 


Comparative 
Example 14 


Particles 
obtained in 
Comparative 

Example 9 


1.01 


750 


6.0 


LiCoOg + C03O4 


40 


Comparative 
Example 15 


Particles 
obtained in 
Comparative 
Example 10 


1.01 


750 


6.0 


LiCo02 + C03O4 


Comparative 
Example 16 


Particles 
obtained in 
Comparative 
Example 11 


1.01 


750 


6.0 


LiCoOg + C03O4 


4S 


Comparative 
Example 17 


Particles 
obtained in 
Comparative 
Example 12 


1.01 


750 


6.0 


LIC0O2 + CO3O4 


SO 


Comparative 
Example 18 


Particles 
obtained in 
Comparative 
Example 13 


1.01 


750 


6.0 


LiCoOa + C03O4 



Claims 

1. A process for producing lithium-cobalt oxide, comprising: 
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(a) mixing cobalt oxide having a BET specific surface area of from 30 to 200 m?/g or an average particle size 
of not more than 0.1 ^m, with a lithium compound; and 

(b) calcining the obtained mixture at a temperature of from 500 to 850**C. 

2. A process according to claim 1 . wherein water is added to the mixture of step (a) in an amount of from 1 to 30 % 
by weight based on the weight of said mixture; said water-added mixture is compression-molded to form a molded 
product having a molding density of not less than 1 .5 g/cm^; and said molded product Is calcined at a temperature 
of from 600 to 850**C. 

3. A process according to claim 1 or 2, wherein the molding density of said molded product is not more than 5 g/cm^. 

4. A process according to any one of the preceding claims, wherein the cobalt oxide of step (a) is produced by 
calcining cobalt oxide hydroxide particles at a temperature of from 300 to 500*C. 

5. A process according to any one of the preceding claims, wherein the calcining time of said cobalt oxide hydroxide 
particles is from 1 5 minutes to 2 hours. 

6. A process according to any one of claims 1 to 3, wherein the cobalt oxide of step (a) is produced by: (I) neutralizing 
an aqueous cobalt salt solution with an excess of an aqueous alkaline solution to form thereby a cobalt hydroxide 
suspension having a concentration ratio of alkali to cobalt (R = (OH-l/2[Co2+]) of from 1.0 to 1.2 and an alkali 
concentration of not more than 1.0 M; and (II) passing a molecular oxygen-containing gas through the cobalt 
hydroxide suspension while heating said suspension at a temperature of not less than 60** C. 

7. A process according to claim 6, wherein the heating temperature of said suspension is 70 to 100*C. 

8. A process according to any one of the preceding claims, wherein the mixing ratio of cobalt oxide to the lithium 
compound in step (a) is from 0,98 : 1 to 1.05 : 1. calculated as a molar ratio of cobalt to lithium. 

9. A process according to any one of the preceding claims, wherein the calcining time of step (b) is from 2 to 1 0 hours. 

10. A process according to any one of the preceding claims, wherein the lithium compound of step (a) is at least one 
of lithium carbonate, lithium oxide, lithium hydroxide and lithium hydroxide hydrate. 

1 1 . A process according to any one of the preceding claims, further comprising using the resulting lithium-cobalt oxide 
to prepare a cathode for use in a lithium ion battery. 
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FIG.3 
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FIG.5 
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